In this research, molecular dynamics(MD) simulations were used to study the transport properties of small gas molecules in poly(ethylene-co-1-hexene) copolymer. The condensed-phase optimized molecular potentials for atomistic simulation studies (COMPASS) forcefield was applied. The diffusion coefficients were obtained from MD (NVT ensemble). The results indicated that the diffusion coefficient of oxygen increased with increasing 1-hexene content in copolymer membrane.
Introduction
Gas separation through a membrane is one of the most attractive industrial processes because of the low energy consumption and easy operation. 1 The transportation of small molecules in polyolefins is a hot research objective in both technical and commercial areas. Therefore, the study on the diffusive characteristics of gases, especially oxygen, is of great importance. 2 Since experimental techniques are not easy to give details at the molecular level, the transport of gas molecules through membranes is still not completely understood. 3 In recent years, atomistic simulation techniques have been proven to be a useful tool for understanding of structure-property relationships of materials, and the molecular dynamics (MD) can be used particularly for the detailed descriptions of the complex morphologies and the transport mechanisms. 4 In this work, the transport properties of ethylene/1-hexene copolymer were studied by MD simulation.
Description of the Simulations
The simulations were performed with Material Studio (MS) software of Accelrys Inc. Materials. Visualizer module was used to construct the copolymer chains, and then the chains were subjected to energy minimization. Subsequently the packing models were constructed with Amorphous Cell Module, which implement a modification of the rotational isomeric state(RIS) of Theodorous and Suter method. 5, 6 The simulation parameters were shown in Table 1 , which were used to study the relationship between diffusion coefficient of oxygen and the 1-hexene content in the copolymer. Amorphous cells were initially constructed at reduced density of 0.4g/cm 3 . The increased free volume at the lower density was sufficient for the packing algorithm. Following the cell construction at the initial density, NPT (NPT means the condition of constant particle number N, constant pressure P, and constant temperature T) dynamics was performed to bring the cells to the experimental density which was shown in Table 1 . When the system density stabilized at a constant value, an NVT (NVT means the condition of constant particle number N, constant volume V, and constant temperature T) dynamics of 500ps was performed at the temperature of 300K. The trajectories were recorded at 1ps intervals for further analysis. In NPT process, the pressure was controlled by Berendsen's method. 7 The cutoff distance for the non-bonded interactions was selected as 9.5Å and the time step was 1fs and the velocity Verlet algorithm was used. The gas diffusion coefficient can be calculated from the Einstein equation as following:
where r i is the position vector of particle. N α is the number of particle of type α.
is the mean squared displacement (MSD) and the angular brackets denote averaging over all choices of time origin.
To obtain the gas diffusion coefficient D, it is needed to plot MSD vs. time and calculate the slope of the line of the best fit. Since the value of the MSD has already been averaged over the number of atoms N, then Eq. (1) can simplify to:
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where a is the slope of the line. Then, according to Eq. (2), the gas diffusion coefficient D can be calculated from the plot of MSD vs. time.
Studies of the microscopic free-volume properties at molecular and atomic scales can provide a basic understanding of the mechanical and physical properties of polymers.
9
Free-volume theories of the glass transition assume that, if the conformational changes of the backbone are to take place, there must be a space available for molecular segment to move into. As the temperature is lowered from a temperature well above T g (glass transition temperature), the free-volume eliminate because of conformational rearrangement. When the temperature approaches T g , the molecular motions becomes so slow that the molecules cannot rearrange within the time-scale of the experiment. At temperatures well below T g , the elastic deformation that comes from bonds stretch and bond angles change, can be understood by assuming that all the conformational changes of backbone of the molecule are freezing out. Therefore, the free-volume size and distribution have a vital influence on the transport properties of penetrants. Recent studies showed that the positron annihilation lifetime spectroscopy was used to measure the freevolume. 10 But it usually consumes long time (almost 1 week) to measure a sample. However, MD could easily calculate the free-volume. 11 In order to study the free-volume size and distribution in bulk simulated molecular models, the hard probe method was applied, 12 where the van der Waals radius of oxygen and hydrogen atoms are 1.52Å and 1.2Å respectively. 13 When the probe with its radius R P moved along the van der Waals surface, the Connolly surface could be calculated, 14 which was shown in Fig. 1 . Then the fraction of free-volume (FFV) could be obtained by dividing system volume with freevolume. 
Results and Discussion
Oxygen and hydrogen molecules were chosen as the penetrants in ethylene/1-hexene random copolymer systems in Table 1 . One of the MSD curve of oxygen molecules in the ethylene/1-hexene copolymer cell was shown in Fig. 2 , where the slope a of MSD vs. t could be obtained. Then the diffusion coefficient D of oxygen and hydrogen could be calculated by Eq. (2). The results were listed in Table   2 , which indicated that the diffusion coefficient usually increases with increasing 1-hexene content and the one of hydrogen molecule was larger than that of oxygen molecule. The calculation results of free volume were very sensitive to the probe radius R P . Table   3 listed the calculated value of FFV in the systems with different probe radius. It showed that FFV decreased rapidly with the increasing R P , which indicated that the gas molecules have less volume to motion with the increasing radius of gas molecules. This is the main reason that the diffusion coefficient of hydrogen molecule is larger than that of oxygen molecule. Figure 3 showed the spatial morphology of the free volume in different probe radius. The free-volume decreases as the probe radius increased from Fig. 3 (a) to 3(c). Fig. 3 . Spatial morphology of the free volume (a) Rp=0.00Å; (b) Rp=1.20Å; (c) Rp=1.52Å. Figure 4 showed the FFV of each system calculated at R p =0.00Å. The FFV increased as the increasing 1-hexene content in the copolymer backbone and reached to a largest value at f hex ＝ 11.0. It indicated that the changes in copolymer backbone structure have an important influence on the transport properties. Figure 5 was the diffusion coefficient of oxygen and FFV in poly(ethylene-co-1-hexene) with different content of 1-hexene. It was concluded that diffusion coefficient increased as the FFV increases. 
Conclusion
In this work, MD simulation was used to study the transport properties of ethylene/1-hexene copolymer and diffusion selectivity. It indicated that the diffusion coefficient was strongly influenced by FFV. The diffusion coefficient of oxygen increased with increasing 1-hexene content in the ethylene/1-hexene copolymer because of larger FFV. Temperature also presented an important effect on the diffusion coefficient.
